The cutaneous beta human papillomavirus (beta HPV) types appear to be involved in skin carcinogenesis. However, only a few beta HPVs have been investigated so far. Here, we compared the properties of E6 and E7 oncoproteins from six uncharacterized beta HPVs (14, 22, 23, 24, 36, 49). Only HPV49 E6 and E7 immortalized primary human keratinocytes and efficiently deregulated the p53 and pRb pathways. Furthermore, HPV49 E6, similarly to E6 from the oncogenic HPV16, promoted p53 degradation.
Introduction
The cutaneous human papillomavirus (HPV) types that belong to the beta genus are suspected to play a role in skin carcinogenesis together with UV irradiation 4, 17 . They were originally isolated from patients suffering from a rare autosomal recessive genetic disorder called epidermodysplasia verruciformis (EV), who have an increased susceptibility to beta HPV infection and who develop nonmelanoma skin cancer (NMSC) 17 . Epidemiological studies have also provided evidence for the role of beta HPV types in NMSC in immunocompromised individuals, such as organ transplant recipients, as well as in the normal population 2, 3, 5, 7, 8, [12] [13] [14] 18 . However, due to the high frequency with which cutaneous HPV DNA is found in the skin of healthy individuals, the role of these viruses in carcinogenesis is still unclear.
Studies on the cervical cancer-associated HPV types (for example, see references 16 and 18) showed that their oncogenic potential lies in the transforming activities of two proteins, E6 and E7
11
. By interacting with several host proteins, E6 and E7 of high risk (HR) HPV types are able to interfere with key cellular processes, such as cell cycle, senescence, differentiation, apoptosis, and telomere shortening.
Only a limited number of studies have addressed the transforming ability of the beta HPV types in primary keratinocytes 6, 9, 15 . In the present work, we compared the transforming potential of E6 and E7 proteins from several HPV types, which belong to different subgroups within the beta genus, i.e., HPV14, -24, and -36 (1), HPV-22, -23, and -38 (2), and HPV49 (3).
Beta HPV49 E6 and E7 efficiently immortalize primary human keratinocytes
We first compared the ability of E6 and E7 from different beta HPV types to immortalize primary cells. Primary human foreskin keratinocytes (HFK) were transduced with E6/E7 recombinant retroviruses, and viral gene expression was determined by reverse transcription-PCR (RT-PCR) using specific primers for the different E7 genes 10 (Fig. 1A) . Twenty days after retroviral transduction, HPV14 and -22 E6/E7-transduced HFK displayed features of senescence, such as irregular shape and intercellular bridges, similar to the HFK transduced with the empty retroviral vector (pLXSN) (mock-transduced HFK) (Fig. 1B) .
Consistently, all three HFK cultures showed high positivity for the senescent marker -galactosidase (data not shown) and died after a few population doublings (PD) ( Table 1) . . Table 1 summarizes the findings obtained in three independent experiments using primary keratinocytes from three different donors. The ability of the viral oncoproteins to increase keratinocyte life span correlated with their ability to activate hTERT expression (Fig. 1C ). In conclusion, E6 and E7 from HPV38
and HPV49 were the only viral oncoproteins that consistently led to the immortalization of primary HFK. Most importantly, HPV49 E6 and E7 appeared to be more efficient than HPV38 E6 and E7. 
pRb and p53 pathways are altered in HPV49 E6/E7-expressing cells
Studies on HR HPV types have shown that inactivation of the two major tumor suppressors, the retinoblastoma protein (pRb) and p53, is an essential event in HPV-mediated keratinocyte immortalization 16 . HPV16 E7 associates with and promotes the degradation of pRb 11 . All the beta HPV E7 proteins tested contain the typical pRb-binding motif LXCXE (data not shown) and showed similar efficiencies of binding to pRb in a glutathione S-transferase (GST) pulldown assay ( Fig. 2A ). In addition, pRb half-life was significantly decreased in rodent fibroblasts (NIH 3T3) expressing HPV24, -38, and -49 E6/E7 in comparison to the mock-transduced cells (NIH 3T3-pLXSN), while the reduction in pRb half-life was severely attenuated in HPV14, -22, -23, and -36 E6/E7 cells (Fig. 2B ).
HPV14 and -22 E7 efficiently induced pRb degradation in HFK (Fig. 2C ), although this activity appeared not to be sufficient to promote cellular immortalization. Surprisingly, HPV38 and -49 E6/E7 expression in HFK did not lead to pRb degradation but instead led to its accumulation (Fig. 2C ). This GST-E7 proteins GST phenomenon may be explained by the fact that HPV oncoproteins promote pRb phosphorylation with higher efficiency in HFK than in NIH 3T3 cells, an event known to inhibit interaction of pRb with E7 16 . Accordingly, immunoblotting with a specific anti-phospho-pRb antibody revealed a strong pRb signal in HPV38 and -49 E6/E7 HFK, which was abolished by pretreatment of the protein extracts with lambda phosphatase (Fig. 2D) . In addition, exposure of HPV38 and -49 E6/E7-expressing HFK to a specific CDK2/4 inhibitor (Calbiochem) led to a strong reduction in the levels of total pRb (Fig. 2E) . Phosphorylation of pRb by the CDK 1, -2, -4, and -6 leads to the release of E2F, which in turn activates the transcription of several cellular genes, including cyclin A, cdc2, and c-myc.
Quantitative PCR performed with Mesa green quantitative PCR master mix (Eurogentec) showed that mRNA levels of the E2F-regulated genes for cyclin A and Cdc2 were higher in HPV38 and -49 E6/E7 HFK than in the other transduced cells (Fig. 2F) . Consistently, immunoblotting showed increased protein levels of Cdc2, cyclin A and c-Myc in the same cells (Fig. 2G) . Although HaCaT cell extracts were incubated with different GST fusion proteins, and the bound proteins were analyzed by sodium dodecyl sulfatepolyacrylamide gel electrophoresis (SDS-PAGE). The amount of pRb associated with the different GST E7 proteins was determined by immunoblotting, using a specific anti-pRb (554136; BD Pharmingen) antibody. One-tenth of the total cellular extract (60 g) used in the GST pulldown assay was loaded on the SDS-PAGE gel as a control (input). Next we characterized the impact of the viral oncoproteins on the p53 pathway.
We showed previously that HPV38 E6/E7 expression leads to the accumulation in the nucleus of a p53 form that is phosphorylated at serines 15 and 392 and has high affinity for the promoter of DNp73a a dominant negative inhibitor of the p53/p73 pathways 1 . We observed that HPV24, HPV36, and HPV38 E6/E7 cells contained elevated levels of DNp73a (Fig. 3A) . This event correlated with p53 phosphorylation at serines 15 and 392 and nuclear localization (data not shown). In addition, downregulation of p53 expression by small interfering RNA (siRNA) decreased DNp73a levels in HPV24 and 38 E6/E7 HFK, indicating that in these cells, DNp73 transcription is regulated by p53 (Fig. 3B) .
A B Figure 3 . DNp73a is upregulated in HPV24 and 36 E6/E7 HFK but not in HPV49 E6/E7 HFK. (A) Protein extracts of primary keratinocytes transduced with empty retrovirus vector (pLXSN HFK) or the indicated recombinant retroviruses were analyzed by immunoblotting using anti-p73a (OP108; Calbiochem) and anti--actin (clone C4; MP-Biomedicals) antibodies. (B) HPV24, -38, or -49 E6/E7 HFK were transiently transfected either with scrambled (Scr) small interfering RNA (siRNA) or with siRNA directed against p53. After preparation of total protein extracts, DNp73a, p53, and -actin protein levels were determined by immunoblotting using specific antibodies.
UV-mediated DNA damage activates p53, which in turn induces cell cycle arrest via transcriptional activation of the CDK inhibitor p21 WAF1 . UVB irradiation of mock-transduced or HPV14, -22, and -23 E6/E7 HFK led to p21 WAF1 accumulation, while the p53 pathway was inhibited in HFK expressing E6 and E7 from HPV24, -36, -38, and -49 (Fig. 4A) . As shown above, DNp73a was found to be upregulated in HPV24, -36, and -38 E6/E7 HFK and could be partly responsible for the inhibition of p53 functions. In contrast, HPV49 E6 and E7 appeared to inhibit the UV-induced activation of p53 by a DNp73a -independent mechanism. Immunoblot analysis revealed that p53 levels were strongly decreased in HPV49 E6/E7 HFK in comparison to those in mock-transduced cells (Fig. 4B) . As previously observed, HPV38 E6/E7 had elevated p53 levels, while the HFK expressing the other beta HPV oncogenes showed minor variations in p53 levels (Fig. 4B) . Determination of p53 half-life by culturing HPV HFK in the presence of cycloheximide (10 g/ml) at different times revealed that HPV49 E6 promoted p53 destabilization, although with a lower efficiency than HPV16 E6 (Fig. 4C) . Similar results were obtained in an in vitro degradation assay in which p53 and E6 were cotranslated and coincubated at the indicated times (Fig. 4D) . It is known that HPV16 E6/E6AP interaction is required for p53 degradation (16) . A GST-HPV49 E6 fusion protein was found to associate with both p53 and E6AP (Fig. 4E ). In addition, downregulation of E6AP expression in HPV49 E6/E7 HFK by siRNA, which resulted in increased p53 levels, indicates that E6AP may be involved in HPV49 E6-induced p53 degradation (Fig. 4F ).
The differences in efficiency of the p53 degradation induced by HPV16 and HPV49 E6s suggest, however, that the mechanisms of degradation and/or interaction with p53 may not be precisely the same between these HPV types. . After 8 h, total RNA was extracted and subjected to reverse transcription. Then qPCR analysis was performed using specific primers for the p21 WAF1 and GAPDH genes. The data are means from three independent experiments performed in duplicate. (B) HFK transduced with the indicated retroviruses were cultured, and protein extracts were prepared and analyzed by immunoblotting with the indicated antibodies. (C) HFK transduced with the indicated retroviruses were cultured in the presence of cycloheximide (CHX) for the indicated times. At each time point, cells were collected. Protein extracts were prepared and analyzed by immunoblotting with the indicated antibodies. The levels of p53 were quantified by Quantity one (Bio-Rad) and normalized to the levels of -actin. The data are means from three independent experiments. . p53 levels were measured after normalization to E6 levels in three independent experiments (left). (E) C33A cell extracts were incubated with GST fusion proteins, and bound proteins were analyzed by SDS-PAGE. The amounts of p53 and E6AP associated with the different GST E6 proteins were determined by immunoblotting, using specific anti-E6AP (clone E6AP-330; Sigma) or anti-p53 antibodies (DO-7; Dako). One-tenth of the total cellular extract (60 g) used in the GST pulldown assay (input) was loaded on the SDS-PAGE gel as a control. (F) HPV49 E6/E7 HFK were transiently transfected with siRNAs specifically directed against either luciferase (Luc) or E6AP. After preparation of total protein extracts, levels of p53, E6AP, and -actin were determined by immunoblotting using specific antibodies.
In summary, in this study we characterized the impact of several beta HPV types on the life span and immortalization of primary HFK, and we showed that the ability of the viral oncoproteins to promote these events correlated with their efficiency in targeting the telomerase, p53, and pRb pathways. Our study also led to the identification of HPV49 as an additional beta HPV type that displays transforming activities in primary HFK. Most importantly, we report for the first time that an E6 from a beta HPV type shares with HPV16 E6 the ability to promote p53 degradation through an E6AP-dependent mechanism. In conclusion, this study highlights functional differences of beta HPV types in several in vitro assays, suggesting that they may have different impacts on skin carcinogenesis.
